Introduction 20
Black-grass is an agricultural weed that requires novel innovative control strategies. This weed is a 21 real threat to crop productivity and food security as it competes with crops and reduces yields (Naylor, 22 1972 , Naylor, 2003 , Moss et al., 2016 , Cook and Roche, 2018 . Black-grass has found ways to 23 overcome both herbicides and cultural practices and therefore circumvents the weed control practices 24 currently available to farmers. In the early 1980's black-grass had demonstrable resistance to most of 25 the graminicides appropriate for use in cereals (Moss and Cussans, 1985) . Since then, multiple-26 herbicide resistance has become widespread in the UK and Western Europe (Délye et al., 2007, 27 Hicks et al., 2018, Heap, 2020) . A single black-grass plant can produce thousands of seeds which are 28 shed before harvest and germinate after the next crop is sown. As the lifecycle of black-grass 29 completes between cultivations, it ensures that the seed bank is replenished annually, and the 30 infestation both persists and increases. Each year since 1990, more hectares of land have been 31 treated for black-grass (Hicks et al., 2018) . Increased treatments result in increases costs as when 32 weeds become herbicide resistant, farmers spend more money on control (Service, 2013) . There are 33 cultural management options which can effectively reduce black-grass populations (Doyle et al., 1986, 34 Allen-Stevens, 2017). However, not all farmers can or choose to adopt the cultural controls that are 35 required for complete control of black-grass as such integrated pest management practices usually 36 require significant input of time, major changes in infrastructure or farming practice, or loss of income 37 during the process (Oakley and Garforth, 1985, Moss, 2019) . Therefore, new methods are urgently 38 required to control this costly weed that reduces yield. 39
To be able to design and deploy sustainable and effective weed management strategies, is critical to 40 understand how black-grass circumvents our current control practices. To gain this understanding, we 41
need to know what genes are underpinning black-grass's success as an agricultural weed. If we are 42 to demonstrate that we truly understand the gene(s) that control a given phenotype, we need to do 43 hypothesis-led research where we demonstrate causation between genotype with phenotype. This 44 type of hypothesis-led research requires a means to alter the expression of specific targets and 45 assess their phenotypic consequences -i.e. we need to be able to genetically manipulate black-46 grass. 47
Transient transformation techniques offer the means to specifically alter gene expression in planta in 48 a low-to medium-throughput manner within timeframes that are relevant for researchers and farmers. 49
Of the transient techniques that are available (reviewed in Jones et al. (2009) and Canto (2016)), 50 virus-mediated transient expression techniques offer many advantages. With these techniques the 51 viral genome is modified to heterologously express or to induce RNA-interference to silence a gene of 52 interest. There are many different virus vectors that have been adapted for use in planta (Robertson, 53 2004, Lee et al., 2015a) . Once introduced into the plant via rub inoculation, the virus vector multiplies 54 and spreads to new leaves and new tillers within the plant replicating itself and therefore expressing 55 the foreign sequences of interest it carries (Lindbo et al., 2001) . Viral vectors can be used to induce 56 loss-of-function through native RNA-interference or posttranscriptional gene silencing pathways, or to 57 promote expression of the heterologous protein of interest (Lindbo et al., 2001) . These are viral 58 induced gene silencing (VIGS) or viral induced over-expression (VOX) respectively. 59
Herein, we demonstrate that the viral vector systems such as those based on Barley Stripe Mosaic 60 Virus (BSMV) and Foxtail Mosaic Virus (FoMV) that work well in wheat and several other cereal crops 61 (Lee et al. 2012 , Lee et al., 2015b , Bouton et al., 2018 can be adapted to induce gain-or loss-of-62 function of specific genes in black-grass. These genomic technologies are ideal for functionally 63 validating genes of interest under laboratory conditions and with these we have a unique opportunity 64 to directly alter gene expression in black-grass and thereby functionally validate black-grass genes, 65
including those that underpin its weedy traits. 66 directly demonstrate in black-grass that AmGSTF1 is necessary for the archetype resistant biotype 78 Peldon to resist 1.5x field rate fenoxaprop ( Figure 2 ). We can also use VOX to provide resistance to 79 an otherwise lethal dose of glufosinate by heterologously expressing the bar resistance gene ( Figure  80 3). 81
Results

82
In order to determine whether virus induced gene silencing (VIGS) was possible in black-grass, we 83 they showed clear loss of green colour within 5-11 days post inoculation ( Figure 1B ). Similar results 88 were obtained using a vector containing an equivalent portion of the PDS gene isolated from black-89 grass cDNA ( Figure 1C ). This loss of colour corresponds with a decrease in AmPDS RNA as 90 measured by qPCR ( Figure 1I ). Interestingly, the loss of AmPDS phenotype was stable and persisted 91 in the tillered plants (Supplemental Figure 1) . Therefore, infection with the established vector carrying 92 a portion of the wheat ( Figure 1B ) or black-grass ( Figure 1C ) PDS gene in antisense orientation is 93 sufficient to induce loss of green colour as predicted. 94 were similar between samples taken from plants infected with FoMV:GFP and FoMV:MCS treated 108 plants ( Figure 1J ), a band of the appropriate size was detected only in the protein preparations from 109
FoMV:GFP treated plants when anti-GFP antibody was used ( Figure 1K ). Unlike BSMV treatments, 110 there was no evidence that the phenotypes generated by FoMV treatment can be propagated through 111 tillering (Supplemental Figure 2 ). When tillers that were visibly exhibiting GFP fluorescence (n=4 of 112 Peldon or n=13 Rothamsted) were transplanted, none of them showed fluorescence 12, 15, 19 or 23 113 days later (Supplemental Figure 2 ). 114
Using BSMV or FoMV, the virus vector-induced phenotypes did not manifest in every cell or every leaf 115 of inoculated plants ( Figure 1 ). For example, some of the cells ( Figure 1D ) and leaves ( Figure 1F AmGSTF1 and herbicide resistance in the black-grass biotypes of interest. The biotype Peldon has 137 long been known for its ability to survive herbicide treatments (Moss, 1990) . The plants treated herein 138 were from a purified population, meaning they were the progeny of individuals that exhibited NTSR 139 herbicide resistance but did not carry any known target site resistance mutations bulk crossed in 140 containment greenhouses. In comparison, Rothamsted is the sensitive biotype that have never been 141 exposed to herbicides (Moss, 1990) , and the plants used here were similarly purified in glasshouses 142 from clones of individuals demonstrated to exhibit high sensitivity to all tested herbicides. As expected 143 the purified biotype Peldon plants survived higher doses of fenoxaprop than purified biotype 144
Rothamsted plants (Supplemental Figure 5 ). Where significance is mentioned, supporting P values 145 from Student's T-tests are given in Supplementary Table 1  146 In order to determine whether VIGS of AmGSTF1 would alter the ability of black-grass plants to resist 147 1.5x field rate of fenoxaprop, we constructed two BSMV vectors with each carrying different 200-bp 148 portions of the black-grass AmGSTF1 coding sequence in antisense. These regions were chosen 149 using siRNA Finder software (http://labtools.ipk-gatersleben.de/) which identifies sequence regions 150 predicted to produce high numbers of silencing-effective siRNAs. Infecting plants with 151 BSMV:asAmGSTF1a (but not BSMV:asAmGSTF1b) was sufficient to decrease Peldon's ability to Figure 5 ). For all the applications, a dose that was lethal to both biotypes was applied. 176
Plants inoculated with FoMV:MCS, or those inoculated with FoMV:GFP and exhibiting visible 177 fluorescence, all died within two weeks after application of glufosinate ( Figure 3 ). This is apparent due 178 to high numbers of dead leaves on the plant (Figures 3A & B ) and a significant reduction in fresh 179 weight ( Figure 3C ). When either Peldon or Rothamsted plants were inoculated with FoMV:bar, 180 although they were clearly affected by the glufosinate treatment, they were dramatically greener 181 ( Figures 3A & B) and had fresh weights that were not statistically different from unsprayed FoMV:bar 182 plants ( Figure 3C ) two weeks after application of herbicide. Similar to the evidence above for 183
FoMV:GFP, we have no evidence that resistance to glufosinate conferred by FoMV:bar is able to 184 persist through tillering (Supplemental Figure 2 ). With these data we demonstrate that VOX with the 185
FoMV vector is suitable for gain-of-function analyses in black-grass relating to herbicide resistance. 186 
Discussion 187
Although progress has been made in understanding weed ecology, advancement in understanding 188 weed molecular biology has been impeded by the lack of molecular genetics tools. Most notably, the 189 lack of methods to genetically modify weeds, has meant that no functional validation of genes of 190 interest directly in this plant species was possible till now. The results presented herein demonstrate 191 that cause and effect studies correlating genotype with phenotype are now possible in black-grass. 192
Our results demonstrate that both loss- (Figures 1 & 2) and gain-of-function (Figures 1 & 3) analyses 193 are possible, allowing for questions of necessity and/or sufficiency to be addressed. Not only were we 194 able to recapitulate the standard controls for loss-and gain-of-function analysis using VIGS and VOX 195 with the appropriate molecular support (Figure 1) , we have also demonstrated that these techniques 196 allow us to effectively address hypotheses regarding whether a specific gene is necessary or VOX techniques would allow us to recapitulate this mechanism of resistance and directly demonstrate 259 that increased expression or copy number is sufficient to confer resistance in the weed species of 260 interest. 261
These cause-and-effect analyses are not limited to the study of herbicide resistance; as long as the 262 phenotype can be accurately measured, and the virus effect is induced at the right developmental 263 stage, we can determine if altering the expression of any gene of interest results in the expected 264 phenotypic change. There is also the potential that the silencing effects of BSMV treatment could be 265 transmitted to subsequent black-grass progeny through seed as there is precedent for this in other The seed lines used were from "purified populations"; this is defined as the population that is create 311 when plants specifically selected for the phenotype are allowed to bulk cross in isolation. For Peldon 312 these individuals exhibited strong NTSR herbicide resistance but did not carry any known TSR 313 mutations or for Rothamsted they were the clones from plants confirmed to be sensitive to all 314 herbicides tested. 315 (Eurogentec cat# UF-LSMT-B0710) using three-step protocol for optimal sensitivity and 45 cycles in 336 total. Data were normalised to two different control genes: UBQ validated by Petit et al., (2012) and 337 against the UBQ10 (AT4G05320) homologue with primers designed for this study. As similar results 338 were seen, only one control gene is shown. Primers used herein are listed in Supplementary Table 2 . 339 Marvel TBST and left to incubate overnight at 4°C. The secondary antibody, anti-rabbit IgG (Sigma 361 cat# A0545) was diluted 1:10,000 in 5% Marvel TBST and left to incubate for 1.5 hours at room 362 temperature. Use of these antibodies to detect FoMV:GFP had previous been described in Bouton et 363 al. (2018) . Clarity Western ECL substrate (BioRad cat# 1705060) was then applied for visualisation. 364 Once the BSMV and FoMV vectors were confirmed by sequencing, they were transformed into 391
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Agrobacterium tumefaciens strain GV3101 through standard electroporation techniques and 392 recombinants selected based on survival of dual selection with kanamycin and gentamycin. Individual 393 colonies were selected, multiplied, and verified by colony PCR with the appropriate primers 394 (Supplementary Table 2 ). 395 Literature Cited
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